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HIGHLIGHTS 


•  The  rate  determining  step  of  oxygen  flux  through  the  membranes  is  clearly  determined. 

•  The  kinetics  of  oxygen  surface  exchanges  depend  on  the  nature  of  cation  substitution. 

•  The  rate  determining  step  of  oxygen  flux  depends  on  the  temperature. 
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Numerous  mixed  ionic  electronic  conducting  materials  with  a  perovskite  structure  have  been  investi¬ 
gated  in  the  literature  as  potential  membrane  materials  for  oxygen  separation  applications.  However,  the 
effect  of  cation  substitution  in  the  A  site  of  a  perovskite  structure  on  the  oxygen  semi-permeation  flux  is 
not  clearly  understood.  The  goal  of  this  paper  is  to  provide  insight  into  the  effect  of  cation  substitution  in 
the  A-site  on  oxygen  semi-permeation  flux  in  Lao.5Ao.5Feo.7Gao.303_<5  and  Lao.5Ao.5Feo.7Coo.303_<5  perovskite 
membranes  with  A  =  Ca,  Sr,  and  Ba.  In  addition,  the  rate-determining  step  in  the  trans-membrane  oxygen 
transport  was  clearly  identified  based  on  oxygen  diffusion  and  oxygen  surface  exchange  coefficients  for 
these  two  perovskite  membrane  series. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Oxy-combustion  technology  is  a  promising  solution  for  the 
production  of  energy  with  low  CO2  emissions.  Indeed,  coal  is 
combusted  from  pure  di-oxygen  instead  of  air,  allowing  for  CO2 
capture  and  storage  at  a  suitable  cost.  The  economic  value  of  oxy- 
combustion  technology  is  based  on  pure  di-oxygen  production  at 
a  lower  energetic  cost  compared  to  typical  cryogenic  distillation 
processes.  Therefore,  oxygen  transport  membranes  (OTM)  are  an 
interesting  technology  for  the  production  of  pure  di-oxygen  [1]. 

Over  the  past  several  years,  considerable  research  has  been 
conducted  on  new  mixed  conductor  materials  for  OTM.  Mixed 
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ionic-electronic  conduction  makes  it  possible  to  produce  pure  di¬ 
oxygen  without  external  electrodes  via  oxygen  semi-permeation 
flux  through  the  membrane.  Membrane  materials  with  a  perov¬ 
skite  structure  are  of  great  interest  due  to  their  high  ionic  and 
electronic  conduction  properties  at  high  temperature  (900  °C)  and 
their  good  stability  under  low  oxygen  partial  pressure  [2]. 

The  SrFei_yCOy03_«5  perovskite  series  are  well-known  mem¬ 
brane  materials  that  exhibit  the  best  oxygen  semi-permeation 
performance  [3].  Unfortunately,  the  chemical  stability  of  this 
perovskite  series  under  low  oxygen  partial  pressure  or  CO2  atmo¬ 
sphere  is  not  sufficient  for  potential  oxy-combustion  applications 
[4,5].  Lai_xSrxFei_yCOy03_«5  or  Lai_xSrxFei_yGay03_«5  perovskite 
membranes  may  provide  a  good  compromise  between  chemical 
stability  and  semi-permeation  performance. 

One  of  the  key  parameters  for  the  selection  of  membrane  ma¬ 
terial  and  the  development  of  optimal  membrane  design  for  in¬ 
dustrial  applications  is  rate-determining  step  (rds)  of  trans- 
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membrane  oxygen  flux.  The  impact  of  the  nature  of  the  cation  in 
the  A-site  of  a  perovskite  structure  on  oxygen  bulk  diffusion  and 
surface  exchange  on  trans-membrane  oxygen  flux  has  rarely  been 
reported  in  the  literature.  In  this  study,  a  specific  apparatus  for 
semi-permeation  measurements  was  used  to  simultaneously 
evaluate  the  oxygen  diffusion  and  surface  exchange  coefficients  of 
membrane  materials  and  to  determine  the  rate-determining  step 
(rds)  in  trans-membrane  oxygen  flux. 

The  effect  of  cation  substitution  in  the  A-site  on  the 
oxygen  semi-permeation  flux  was  investigated  for  the 
Lao.5Ao.5FeojGao.303_(5  and  Lao.sAo.sFeo.yCoc^C^-d  perovskite  series 
(with  A  =  Ba,  Ca  and  Sr).  The  aim  was  to  evaluate  the  effect  of  cation 
substitution  in  the  A-site  on  oxygen  transport  mechanisms  through 
the  membrane  (e.g.,  oxygen  diffusion  and  surface  exchange  at  the 
membrane  surface).  In  a  future  study,  the  effect  of  cation  substi¬ 
tution  in  the  B-site  on  the  oxygen  semi-permeation  flux  will  be 
investigated  for  a  wide  range  of  perovskite  membrane 
compositions. 

2.  Experimental 

2.1.  Powder  synthesis 

La0.5Ao.5Feo.7Ga0.303-«5  and  La0.5Ao.5Feo.7Co0.303-«5  perovskite 
powders  (with  A  =  Ba,  Ca  and  Sr)  are  synthesized  using  a  solid- 
solid  route.  High  purity  oxide  and  carbonate  precursors  including 
La203  (99.99%,  Sigma  Aldrich),  Ga203  (99.99%,  Sigma  Aldrich), 
Fe203  (99.5%,  Alfa  Aesar),  Co304  (99.7%,  Alfa  Aesar),  CaC03  (99.9%, 
Alfa  Aesar),  BaC03  (99.95%,  Alfa  Aesar)  and  SrC03  (99.99%.  Alfa 
Aesar)  are  mixed  by  attrition  using  800  pm  zirconia  balls  in  ethanol 
media  (600  rpm,  3  h).  The  obtained  powder  is  calcined  at  1000  °C 
for  8  h.  The  phase  purity  is  confirmed  with  X-ray  diffraction 
(Siemens  D5000).  The  calcined  powders  are  ground  by  attrition 
milling  (1000  rpm)  to  obtain  a  monomodal  grain  size  of  approxi¬ 
mately  1  -2  pm. 


measurements  are  performed  at  a  temperature  ranging  from  980  °C 
to  600  °C  with  an  interval  of  25  °C  with  an  air/argon  atmosphere 
gradient.  The  oxygen  enrichment  on  the  argon  side  is  measured 
using  a  YSZ-oxygen  sensor.  On  the  surface  membrane,  the  oxygen 
surface  activities  are  measured  using  pure  ionic  conductor  tips  (in 
Zr02-8%Y203)  and  a  metallic  electrode  in  contact  with  the  surface 
membrane.  Then,  the  oxygen  chemical  potential  through  the 
membrane  is  evaluated,  as  previously  described  by  Geffroy  et  al.  [8]. 

The  electromotive  force,  Esensor,  is  provided  by  the  YSZ-oxygen 
sensors  used  to  measure  the  oxygen  pressure  in  the  argon  flux 
outlet,  P2 out,  following  the  Nernst  law: 

F  —  ^1n  ^2out  m 

^sensor  —  75  l  U 

4r  FfWaiVi 


2.2.  Shaping  using  tape  casting  process,  firing  and  density 
measurements 

A  tape  casting  process  is  used  to  obtain  thin  pellets  (150  pm 
thick).  Then,  the  pellets  are  thermo-laminated  at  60  °C  under 
50  MPa  and  fired  to  obtain  a  relative  density  of  more  than  95%  and  a 
thickness  of  1  mm.  The  sintering  conditions  for  the  membrane 
materials  are  listed  in  Table  1.  More  details  regarding  sample 
shaping  are  provided  in  previous  studies  [6,7].  The  density  of  the 
fired  membrane  is  controlled  with  the  Archimedes  method,  and  the 
grain  size  is  evaluated  using  a  scanning  electron  microscope  (SEM 
Cambridge  Instruments). 

2.3.  Oxygen  surface  exchange  and  semi-permeation  measurements 


where  R,  T  and  F  are  the  universal  gas  constant,  the  temperature  in 
Kelvins,  and  the  Faraday  constant,  respectively.  P02(air)(with 
Po2(air)  =  0.21  «  Pi  =  Pi  out  «  Plin),  and  P2  (with  P2  =  P2out)» 
correspond  to  the  oxygen  partial  pressure  in  air  and  the  oxygen 
pressure  in  the  argon  flowing  upstream  or  downstream  in  the 
experimental  setup,  respectively. 

Fsi  and  Fs2  correspond  to  the  electromotive  forces  caused  by  the 
variation  in  di-oxygen  activity  between  the  inlet  gas  and  the 
oxygen-rich  and  lean  surfaces  of  the  membrane,  respectively.  These 
two  values  are  calculated  from  the  Nernst  law  as  follows: 


Es\ 


RT  O] 

7^ln^ 
4  F  a1 


AH 


surf  (ox) 
O2 


4F 


(2) 


The  oxygen  semi-permeation  and  oxygen  activities  at  the 
membrane  surface  are  measured  using  a  homemade  apparatus,  as 
described  in  previous  studies  [8,9]  and  shown  in  Fig.  1.  The  dense 
membrane  is  sealed  between  two  alumina  tubes  with  the  use  of 
gold  rings  to  avoid  surfaces  contaminations  [10].  The 


Table  1 

Sintering  conditions  and  chemical  compositions  of  the  membrane  materials. 


Membrane  materials 

Acronym 

Sintering  conditions 

Lao.5Sro.5Feo.7Gao.303-(5 

LSFG 

1350  °C,  4  h,  air 

Lao.5Sro.5Feo.7Coo.303-<5 

LSFCo 

1350  °C,  4  h,  air 

Lao.5Cao.5Feo.7Gao.303-<5 

LCFG 

1250  °C,  4  h,  air 

Lao.5Cao.5Feo.7Coo.303-(5 

LCFCo 

1250  °C,  4  h,  air 

Lao.5Bao.5Feo.7Coo.303-<5 

LBFCo 

1150  °C,  4  h,  air 

E52 


RT .  Q2 
4  F  a2 


Am 


surf  (red) 
O2 


4  F 


(3) 


where  ai  is  the  di-oxygen  activity  in  air  and  is  equal  to  the  oxygen 
partial  pressure,  Pi.  Flere,  Pi,  Pun  and  Piout  are  equal  to  0.21.  ai'  is  the 
di-oxygen  activity  at  the  oxygen-rich  surface  of  the  membrane.  a2  is 
the  di-oxygen  activity  in  argon  gas  near  the  oxygen-lean  surface 
and  is  equal  to  P2out-  We  also  assumed  that  the  P2out  of  the  gas  outlet 
from  the  argon  chamber  corresponds  to  P2out  near  the  membrane 
surface.  a2'  is  the  di-oxygen  activity  on  the  oxygen-lean  surface  of 
the  membrane. 

Ajigf  (ox)  and  A/i^rf  (red)  are  the  gradients  of  the  di-oxygen 
activity  potential  on  the  oxygen-rich  and  oxygen-lean  surfaces  of 
the  membrane,  respectively. 
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2.4.  Measurement  of  electrical  conductivity 

The  electrical  conductivity  is  evaluated  by  a  four  probe  device 
from  room  temperature  to  1000  °C  under  air.  The  bar  samples 
are  obtained  using  a  tape  casting  process  and  sintered  using 
similar  conditions  as  reported  in  Table  1.  After  sintering,  the  bar 
samples  have  approximate  dimensions  of  1  x  2.5  x  24  mm3. 
Both  ends  of  the  bar  sample  were  coated  by  platinum  electrodes. 
Two  additional  platinum  electrodes  were  placed  5—8  mm  from 
each  end  of  the  bar.  The  platinum  electrodes  were  prepared  via 
platinum  ink  coating  (Pt  paste  Ferro,  CDS),  and  the  sample  was 
heated  to  1000  °C  in  air  to  obtain  cohesive  and  porous  platinum 
electrodes. 

3.  Results  and  discussion 

3.1.  Densification  and  phase  purity 

All  of  the  sintered  membranes  have  a  relative  density  larger 
than  94%,  except  for  Lao.5Ba0.5Feo.7Gao.303_«5  (LBFG).  Different 
thermal  treatments  have  been  performed  to  obtain  a  dense  LBFG 


Table  2 

Relative  density  of  the  perovskite  membrane  series. 


Acronym 

Mean  grain  size 

Density  of  the  starting 
powder  (pycnometer) 

Relative  density  of  the 
sintered  membrane 

LSFG 

2-4  pm 

5.70  g  cm-3 

>95% 

LSFCo 

4-10  pm 

6.10  g  cm-3 

>95% 

LCFG 

Low  crystallinity 

5.70  g  cm-3 

95% 

LCFCo 

1-2  pm 

5.54  g  cm-3 

94% 

LBFCo 

1—4  pm 

6.06  g  cm-3 

>95% 

membrane,  but  the  relative  density  of  the  LBFG  material  remains 
low,  or  the  samples  are  cracked.  Therefore,  the  LBFG  material  was 
not  further  investigated  here. 

The  SEM  micrographs  (Fig.  2)  show  the  microstructure  of  the 
sintered  materials.  The  mean  grain  sizes  are  very  similar  (i.e., 
approximately  2-4  pm,  Table  2),  except  for  the  LSFCo  membrane, 
which  had  a  larger  grain  size  of  approximately  4-10  pm.  We  as¬ 
sume  that  this  low  variation  in  grain  size  does  not  affect  the  oxygen 
semi-permeation  flux.  The  LCFG  membrane  exhibits  a  very 
low  crystallization  degree  without  apparent  grains.  This  low 


Fig.  2.  SEM  micrographs  of  the  a)  LSFG,  b)  LSFCo,  c)  LCFG,  d)  LCFCo  and  e)  LBFCo  membranes. 
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*  Perovskite  structure 
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Fig.  3.  XRD  diagrams  of  the  a)  LSFG,  b)  LSFCo,  c)  LCFG,  d)  LCFCo  and  e)  LBFCo 
membranes. 


crystallization  degree  in  the  LCFG  membranes  most  likely  disfavors 
a  high  oxygen  diffusion  coefficient  and  high  oxygen  semi¬ 
permeation  flux. 

Fig.  3  shows  the  X-ray  diffraction  diagrams  for  the  sintered 
membrane  series.  All  of  the  sintered  membrane  materials  corre¬ 
spond  to  a  well-defined  perovskite  structure  after  sintering  with 
few  secondary  phases,  except  for  the  LCFG  material.  For  the  LCFG 
membrane,  the  perovskite  phase  corresponds  to  a  minor  phase  and 
the  membrane  material  is  not  well  crystallized,  as  indicated  by  the 
SEM  micrographs. 


3.2.  Oxygen  semi-permeation  fluxes 

Fig.  4  shows  the  oxygen  flux  through  the  membranes  at  600- 
970  °C.  All  of  the  oxygen  fluxes  exhibit  the  same  order  of  magnitude 
(6-23  x  10-4  mol  nrr2  s-1),  except  for  the  LCFG  membrane.  The 
oxygen  flux  in  the  LCFG  membrane  is  one  order  of  magnitude  lower 
than  the  other  materials.  The  low  oxygen  flux  through  the  LCFG 
membrane  (6  x  10  5  mol  m-2  s-1)  is  most  likely  due  to  low  crys¬ 
tallization  of  the  perovskite  membrane  material  after  sintering 
(Fig.  2).  Surprisingly,  the  nature  of  the  substitution  cation  exhibits 
little  impact  on  the  oxygen  semi-permeation  flux  through  the 
membrane  materials  that  have  a  similar  microstructure. 


500  600  700  800  900  1000 


Temperature  (°C) 


The  oxygen  fluxes  in  the  LSFG,  LSFCo  and  LCFCo  membranes  are 
very  similar,  whereas  the  oxygen  flux  in  the  LBFCo  membrane  is 
slightly  higher.  The  oxygen  flux  through  the  Lao.5Ao.5Coo.3Feo.703_<5 
membranes  slightly  increases  in  the  following  order  Ba  >  Ca  >  Sr. 
This  trend  is  in  good  agreement  with  the  results  reported  by  Ter- 
aoka  et  al.  [11]  for  Lao.eAo^Coo.sFeo^Cb-^  materials. 

3.3.  Identification  of  the  rate  determining  step  for  the  oxygen  flux 

Fig.  5  shows  the  Arrhenius  plots  for  the  oxygen  semi¬ 
permeation  flux,  and  Table  3  provides  the  activation  energies  of 
the  oxygen  semi-permeation  flux  through  all  of  the  perovskite 
membranes.  The  Arrhenius  plot  shows  two  slopes  corresponding  to 
two  rate-determining  steps  (rds)  in  the  oxygen  semi-permeation 
flux  (i.e.,  one  at  a  low  temperature  between  700  and  900  °C  and 
the  other  one  at  a  high  temperature  above  900  °C). 

At  low  temperatures  (between  700  and  900  °C),  the  activation 
energy  (Ea)  of  the  oxygen  flux  depends  on  the  nature  of  the  sub¬ 
stitution  cation  in  the  A-site  (i.e.,  Ea(Ba)  ~  80  kj  mol-1, 
Ea(Ca)  ~  115  kj  mol-1,  Ea(Sr)  ~  150  kj  mol-1).  These  Ea  values  are 
in  good  agreement  with  oxygen  semi-permeation  fluxes  obtained 
for  cobaltite  material  membranes.  A  similar  trend  was  reported  by 
Tsai  et  al.  for  Lao^Ao.eFeo.sCoo^CU-d  perovskite  materials  [12] 
(Ea(Ba)  =  72.38  ±  0.75  kj  mol”1,  Ea(Ca)  =  95.33  ±  0.94  kj  mol-1 
between  780  °C  and  980  °C,  Ea(Sr)  =  105.61  ±  3.83  kj  mol"1  be- 
tween  825  °C  and  915  °C).  However,  the  Ea  values  reported  by  Tsai 
et  al.  correspond  to  intermediate  Ea  values  at  the  low  and  high 
temperatures  calculated  in  this  work  because  these  authors 
considered  only  one  mechanism  of  oxygen  transport  from  825  to 
915  °C.  Unfortunately,  this  temperature  range  corresponds  to  a 
mixed  regime  for  the  Lao^Ao.eFeo.sCoo^CU-^  perovskite  membrane 
(or  the  intersection  between  two  slopes  on  the  Arrhenius  plots). 

The  Ea  values  calculated  at  high  temperatures  are  lower  than 
those  calculated  at  low  temperatures,  except  for  the  LCFG  mem¬ 
brane.  This  behavior  is  due  to  the  evolution  of  a  predominant  rate¬ 
determining  step  in  the  trans-membrane  oxygen  flux.  For  example, 
we  recently  demonstrated  that  the  oxygen  flux  in  the  La2Ni04+<5 
membrane  was  governed  by  oxygen  surface  exchange  at  low 
temperatures  (<900  °C)  and  by  bulk  diffusion  at  high  temperatures 
(>1000  °C)  [9]. 

Therefore,  the  Ea  values  for  the  Co-based  materials  at  low 
(below  800  °C)  and  high  temperatures  (up  to  900  °C)  correspond  to 
the  surface  exchange  and  oxygen  bulk  diffusion  mechanisms, 
respectively  (i.e.,  Ea(surface  exchange)  ~  110-150  kj  mol-1  and 
Ea(bulk  diffusion)  ~  70-80  kj  mol-1).  Xu  et  al.  [13]  also  observed 
two  slopes  for  the  Arrhenius  plots  of  oxygen  flux  for  a  similar 
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Fig.  4.  Oxygen  semi-permeation  flux  through  the  Lao.5Ao.5Fe0.7Gao.303_<5  and 
Lao.5Ao.5Feo.7Coo.303_5  perovskite  membrane  series  (with  A  =  Ba,  Ca  and  Sr). 
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Fig.  5.  Arrhenius  plot  of  oxygen  semi-permeation  fluxes. 
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Table  3 

Activation  energy  values  at  low  and  high  temperatures  for  cobaltite  and  gallate  perovskite  membrane  series. 
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Materials  series 

Cation  nature 

Membrane  materials 

Ea  (kj  mol1)  700-900  °C 

Ea  (kj  mol-1)  900-1000  °C 

LAFCo 

Sr 

LSFCo 

144 

81 

Ca 

LCFCo 

107 

69 

Ba 

LBFCo 

80  (700-825  °C) 

68  (825-1000  °C) 

LAFGa 

Sr 

LSFG 

154 

128 

Ca 

LCFG 

118 

118 

Ba 

LBFG 

Not  measured 

Not  measured 

membrane  material  (i.e.,  Lao.eSro^Feo.sCoo^Os-^  with 
Ea  =  191  kj  mol-1  at  low  temperatures  and  Ea  =  115  kj  mol-1  at 
high  temperatures).  This  slight  discrepancy  between  the  Ea  values 
reported  in  our  work  and  by  Xu  et  al.  is  most  likely  due  to  the 
difference  in  the  experimental  conditions  (i.e.,  membrane  thick¬ 
ness,  oxygen  partial  pressure,  and  microstructure  of  membrane 
materials).  However,  the  temperature  range  corresponding  to  a 
mixed  regime  reported  by  Xu  (or  the  intersection  between  two 
slopes  observed  on  the  Arrhenius  plots)  are  similar  (i.e.,  from  800  to 
900  °C). 

The  large  variation  in  the  Ea  values  can  be  easily  correlated  to 
the  evolution  of  the  rds  identified  here  via  Bc  coefficient  as  a 
function  of  1/T  (Fig.  6).  Bc  is  a  new  criterion  introduced  by  Geffroy 
et  al.  [14],  which  is  defined  in  Eq.  (4): 


Be  = 


Aflgface 


(4) 


According  to  Eq.  (4),  three  cases  can  be  considered: 


value  below  900  °C  is  larger  than  unity,  and  the  oxygen  flux  is 
predominantly  governed  by  oxygen  surface  exchange  at  the  oxygen 
lean  membrane  face.  However,  the  Bcean  value  quickly  decreases 
with  temperature,  and  Bcean  is  close  to  unity  when  the  temperature 
is  higher  than  950  °C,  which  means  that  the  oxygen  flux  is  governed 
by  a  mixed  regime  at  high  temperatures  (up  to  950  °C).  We  observe 
a  similar  trend  but  to  a  lesser  extent  for  the  LCFCo  membrane. 

For  the  LCFG  and  LBFCo  membranes,  no  variation  in  the  Ea  is 
observed  between  600  and  1000  °C  because  the  oxygen  flux  is 
governed  by  oxygen  bulk  diffusion  in  this  temperature  range.  The 
Ea  value  is  larger  than  that  determined  for  the  cobaltite  perovskite 
materials.  This  high  Ea  value  results  in  low  crystallization  of  the 
perovskite  phase  or  a  low  oxygen  diffusion  coefficient  for  the  LCFG 
material. 

Fig.  6a  clearly  shows  the  influence  of  the  substitution  cation  in 
the  A-site  for  the  LAFCo  perovskite  membrane  on  the  nature  of  the 
rds.  At  low  temperatures  (<900  °C),  oxygen  flux  through  LAFCo 
membranes  is  governed  by  oxygen  surface  exchange  when  A  =  Ca, 
by  a  mixed  regime  when  A  =  Sr  and  by  oxygen  bulk  diffusion  when 


-  when  Bc  >  1,  the  oxygen  flux  is  governed  by  oxygen  surface 
exchange. 

-  when  Bc  <  1,  the  oxygen  flux  is  governed  by  oxygen  diffusion. 

-  when  Bc  ~  1,  a  mixed  regime  is  present  in  which  the  oxygen  flux 
is  governed  by  both  oxygen  diffusion  and  surface  exchange. 

The  Bc  value  corresponds  to  the  ratio  between  the  drop  of  ox¬ 
ygen  chemical  potential  through  the  bulk  and  at  the  membrane 
surface.  Then,  we  can  discriminate  between  the  oxygen  transport 
mechanism  linked  to  oxygen  surface  exchange  at  the  membrane 
face  in  contact  with  air  or  in  contact  with  argon  atmosphere  using 
two  values:  Brclch  and  Bcean,  respectively.  Fig.  6  shows  that  the  oxygen 
flux  is  predominantly  governed  by  oxygen  bulk-diffusion  mecha¬ 
nism  at  high  temperatures  and  by  surface  exchange  at  low  tem¬ 
peratures,  especially  for  the  LSFG  membranes.  In  addition,  we 
assume  that  there  is  an  intermediary  range  of  temperatures  cor¬ 
responding  to  a  mixed  regime  (when  Bc  is  close  to  unity),  where  the 
oxygen  flux  is  governed  by  both  mechanisms  for  trans-membrane 
oxygen  transport.  This  range  of  temperatures  corresponding  to 
the  mixed  regime  depends  on  the  membrane  materials. 

For  the  LSFG  perovskite  membrane,  the  variation  in  the  Ea  value 
with  temperature  is  linked  to  the  evolution  of  Bc.  Indeed,  the  Bcean 


Table  4 


Type  of  rate  determining  step  (rds)  with  the  corresponding  Brclch 

'  and  B[ean  values. 

Values  of  Brcich  and  fll:ean 

Type  of  the  rds 

Corresponding 
domain  in  Fig.  8 

Brcich  and  Blcean  <  1 

Bulk  diffusion 

A 

B?ch  and  B[ean  -  1 

Mixed  regime:  bulk 
and  surface(s) 

B 

B?ch  »  B)fan  and  B?ch  >  1 

Oxygen  rich  surface 

C 

Brjch  «  B[ean  and  Blcean  >  1 

Oxygen  lean  surface 

D 

Brjch  «  B[ean  >  1 

Oxygen  rich  and  lean 
surfaces 

E 

a) 


1000 


Temperature  (°C) 
900 


1/T  (K1) 


Fig.  6.  Evolution  of  the  rate-determining  step  for  oxygen  semi-permeation  flux  as  a 
function  of  temperature  for  the  a)  cobaltite  membranes  and  b)  gallate  membranes.  *: 
Ea  are  calculated  from  Fig.  5. 
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Table  5 

Values  of  the  different  parameters  used  to  calculate  D0,  /<nch,  /dean  and  /<lean. 


900  °C 

<5  air 

^argon 

vm  (A3) 

Cgch  (mol  cm  3) 

C{fn  (mol  cm"3) 

LCFCo 

0.11 

0.22 

58.13 

8.26  x  10"2 

7.94  x  10"2 

LSFCo 

0.16 

0.32 

58.10 

8.12  x  10"2 

7.66  x  lO"2 

LBFCo 

0.13 

0.25 

61.27 

7.79  x  10"2 

7.44  x  10"2 

LCFG 

0.09 

0.17 

60.39 

8.02  x  10"2 

7.78  x  10"2 

LSFG 

0.15 

0.30 

58.21 

8.13  x  10"2 

7.70  x  10"2 

A  =  Ba.  However,  the  Bcean  coefficients  decrease  quickly  when  the 
temperature  increases,  and  the  Ea  of  the  oxygen  flux  is  very  close  at 
high  temperatures.  Indeed,  the  nature  of  the  substitution  cation  in 
the  A-site  has  a  large  impact  on  the  kinetics  of  oxygen  surface  ex¬ 
changes  at  the  LAFCo  membrane  surface  (predominant  rds  at  low 
temperatures),  but  a  small  impact  on  the  oxygen  diffusion  coeffi¬ 
cient  of  LAFCo  perovskite  materials  (predominant  rds  at  high 
temperatures),  as  reported  in  Table  5. 

3.4.  Profiles  of  oxygen  chemical  potential 

The  profiles  of  the  oxygen  chemical  potential  (p02 )  through  the 
perovskite  membranes  at  900  °C  are  shown  in  Fig.  7.  These  profiles 
easily  allow  us  to  determine  the  rate-determining  step  in  oxygen 
flux.  For  the  Lao.sAo.sFeo.yCot^C^  perovskite  materials,  the  values 
of  po2  that  decrease  through  the  membrane  are  similar  (between 


36  and  43  kj  mol-1,  Fig  7b,  d  and  e).  Nonetheless,  three  cases  can  be 
distinguished  where  oxygen  flux  is  governed  by  a  mixed  regime 
(LSFCo,  Fig.  7b),  by  surface  exchange  on  the  oxygen  lean  face 
(LCFCo,  Fig  7d),  or  by  bulk  diffusion  (LBFCo,  Fig.  7e).  The  nature  of 
the  cation  in  the  A-site  of  the  perovskite  structure  has  a  substantial 
effect  on  the  rds  of  oxygen  flux  through  the  membrane. 

The  drop  of  oxygen  chemical  potential  through  the  LSFG 
membrane  (Fig.  7a)  is  larger  than  that  observed  through  the  LAFCo 
membrane  (i.e.,  47  kj  mol-1  and  near  40  kj  mol-1,  respectively), 
which  is  due  to  a  large  drop  of  oxygen  chemical  potential  at  the 
oxygen  lean  face  (A|iQU2rf(ox)(LSFG)  =  35  kj  mol-1).  In  contrast,  a 
large  oxygen  chemical  potential  drop  through  the  LCFG  membrane 
(Fig.  7c)  results  from  a  large  gradient  in  the  oxygen  chemical  po¬ 
tential  through  the  membrane  bulk  (Ap^lk  =  52  kj  mol-1),  which  is 
due  to  the  low  degree  of  crystallization  or  low  oxygen  ionic  con¬ 
ductivity  of  the  LCFG  membrane. 

Fig.  8  shows  the  evolution  of  the  Bcean  and  B[lch  values  (and 
corresponding  rds  in  the  oxygen  flux)  relative  to  the  membrane 
material  and  temperature.  Table  4  lists  the  different  rds  in  the  ox¬ 
ygen  flux  with  the  corresponding  values  of  Bcean  and  Bclch. 

3.4.1.  Value  of  Bc  at  900° C 

No  membranes  are  located  in  C  and  E-domain,  in  Fig.  8,  at 
900  °C.  It  means  that  oxygen  surface  exchange  on  oxygen-rich  face 
is  never  the  rate-determining  step  in  the  oxygen  flux.  The  LCFG  and 


Fig.  7.  Profiles  of  the  oxygen  chemical  potential  through  the  a)  LSFG,  b)  LSFCo,  c)  LCFG,  d)  LCFCo  and  e)  LBFCo  membranes  at  900  °C. 
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Fig.  8.  Evolution  of  the  rate  determining  steps  in  trans-membrane  oxygen  transport 
relative  to  temperature  and  membrane  materials. 


3.5.  Surface  exchanges  and  diffusion  coefficients 

The  coefficient  of  diffusion,  Do,  is  defined  thank  to  the  Wagner’s 
model  in  Eq.  (5): 


Do 


4RTLJq2 

C0AMbf 


(5) 


The  formalism  concerning  the  surface  exchange  coefficients 
have  been  described  by  Kim  et  al.  [15  in  Eqs.  (6)-(9).  It  is  necessary 
to  distinguish  two  kinds  of  surface  exchange  coefficients  k  and  K.  I< 
correspond  to  the  surface  exchange  coefficient,  independent  from 
the  oxygen  partial  pressure  in  gas,  whereas  k  corresponds  to  the 
usual  surface  exchange  coefficient  depending  on  oxygen  partial 
pressure  in  gas. 


krich  = 


2/o2 


Colch  ( exp 


n, /t£  (ox) 

RT 


-  exp 


RT 


pout 


(6) 


LBFCo  membranes  are  located  in  A-domain,  where  the  semi¬ 
permeation  flux  is  governed  by  oxygen  bulk-diffusion  transport. 

Bcean  value  of  LSFCo  membrane  is  close  to  unity  corresponding  to 
mixed  regime  where  the  oxygen  flux  is  governed  by  oxygen  surface 
exchange  at  oxygen-lean  face  and  oxygen  bulk  diffusion.  In  the  case 
of  LCFCo  and  LSFG  membranes,  the  surface  exchange  at  oxygen- 
lean  face  limits  the  oxygen  semi-permeation  flux  (D-domain  in 
Fig.  8). 

The  nature  of  cation  in  A-site  has  an  important  effect  on  the  rds 
in  oxygen  semi-permeation  flux.  For  instance,  the  oxygen  fluxes 
obtained  with  LSFCo  and  LCFCo  membranes  are  very  close, 
although  Bcean  values  are  very  different,  1.05  and  5,  respectively. 
However,  it  is  not  possible  to  establish  a  clear  correlation  between 
the  rds  and  the  nature  of  cation  in  A-site. 


^lean  _ 


2/o2 


cr(exp(^Vexpf^ 


/Crich  = 


2Jo2 _ 

CSch(exp(^Vexp(^ 


(8) 


j^-lean  _ 


2Jo2 


surf  (red) \  /n,,gas  (red) 

C.ean(exp(^)-expf!!V- 


(9) 


It  is  possible  to  link  the  two  coefficients  with  the  simple  relation 
expressed  in  Eq.  (10): 


3.4.2.  Evolution  of  the  rate  determining  step  with  the  temperature 

Fig.  8  indicates  that  the  Bcean  values  decrease  with  the  temper¬ 
ature.  At  low  temperatures,  the  oxygen  flux  tends  to  be  predomi¬ 
nantly  governed  by  oxygen  surface  exchanges,  while  at  high 
temperatures,  the  oxygen  flux  tends  to  be  predominantly  governed 
by  oxygen  bulk  diffusion.  For  example,  in  the  LCFG  membrane, 
oxygen  flux  is  only  governed  by  oxygen  bulk  diffusion  from  800  to 
900  °C,  while  the  oxygen  flux  is  governed  by  surface  exchange  for 
the  LCFCo  and  LSFG  membranes  from  800  to  980  °C. 

Indeed,  the  surface  exchange  kinetics  are  very  low  at  a  low 
temperature  and  quickly  increase  with  temperature  because  the 
activation  energy  of  this  mechanism  is  larger  than  that  of  the  ox¬ 
ygen  bulk  diffusion.  Therefore,  the  oxygen  bulk  diffusion  is  often 
the  rds  for  oxygen  flux  at  high  temperatures  (up  to  1000  °C  in  some 
cases). 


k  =  I<  x 


(10) 


In  these  equations,  CQlch  and  C{jan  are  the  oxygen  molar  con¬ 
centration  at  the  oxygen  rich  and  lean  surface  respectively,  given  in 
Table  5,  L  is  the  thickness  of  the  membrane,  and  n  is  typically  equal 
to  0.5  for  MIEC  materials.  C0  is  estimated  thank  to  the  relation 
C0  =  (3  —  <5)/Vm,  with  5  the  oxygen  over-stoichiometry  amounts  in 
the  perovskite  structure,  determined  by  thermogravimetry  method 
and  Vm  the  molar  volume  estimated  from  crystalline  parameters 
obtained  by  X-ray  diffraction.  In  Do  calculation,  Co  is  the  average  of 
Cgchand  C^anvalues,  because  D0  is  considered  to  be  constant  in  the 
bulk  membrane. 

^gas(°x)  ancj  pgas(red)  are  tjie  oxygen  chemical  potentials  in  air 
and  argon,  respectively.  For  example,  ^s(ox)  =  RT\n(P%ut/P$g) 


Table  6 

Fundamental  parameters  including  oxygen  diffusion  (D0),  surface  exchange  coefficient  at  oxygen  rich  (/<nch)  and  lean  ( I&an  and  fclean)  face,  ionic  conductivity  (o-j)  and  electronic 
conductivity  (cre)  for  cobaltite  and  gallate  perovskite  membranes  materials  investigated  in  this  study. 


900  °C 

Materials  series 

Composition 

D0  (cm2  s  ') 

fcrich  =  /(rich  (cm 

I& an  (cm  s  1) 

klean  (cm  s"1) 

tTj  (S  cm  1) 

(T e  (S  cm  1) 

LAFCo 

LCFCo  5573 

1.1  x  IO"6 

9.9  x  10"6 

8.7  x  10"6 

1.0  x  10  6 

33  x  10"2 

141 

LSFCo  5573 

2.7  x  IO"7 

1.0  x  10"4 

1.3  x  10"5 

1.2  x  10  6 

8  x  10"2 

326 

LBFCo  5573 

4.4  x  IO"7 

6.4  x  10"5 

5.0  x  10"5 

7.9  x  10  6 

13  x  IO"2 

7 

LAFGa 

LCFG  5573 

6.0  x  IO"9 

3.5  x  10"6 

4.4  x  10"6 

1.4  x  10  7 

0.2  x  IO"2 

30 

LSFG  5573 

7.3  x  10"7 

4.6  x  10"6 

1.4  x  10"5 

1.2  x  10  6 

22  x  IO"2 

97 
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Fig.  9.  Fundamental  parameters  including  oxygen  diffusion  (D0),  surface  exchange 
coefficient  at  oxygen  rich  (I<nch)  and  lean  (K*ean)  face  at  900  °C  for  a)  cobaltite  and  b) 
gallate  perovskite  membranes  materials  investigated  in  this  study. 


with  Pg2r  as  the  reference  pressure  corresponding  to  the  oxygen 
partial  pressure  in  air. 

^sur  (ox)  ancj  ^surf(red)  are  ^  0Xygen  chemical  potentials  on 
oxidizing  and  reducing  surfaces,  respectively. 

I^lch  and  JClean  correspond  to  coefficient  surface  exchanges  on 
feed  and  permeate  sides,  respectively. 

In  this  way,  we  distingue  two  coefficients  of  oxygen  surface 
exchange.  I<  coefficients  corresponds  to  oxygen  surface  exchange 
coefficients  normalized  for  Po2=0  .21,  which  could  be  independent 
on  the  oxygen  partial  pressure  in  gas,  and  k  coefficients  is  the  usual 
oxygen  surface  exchange  coefficients  depending  on  oxygen  partial 
pressure  in  gas.  Then,  the  values  of  I<  coefficients  are  more  relevant 
for  a  comparison  of  intrinsic  oxygen  surface  exchange  kinetics  on 
different  membrane  materials. 

On  the  oxygen  side,  P^ut  ~  P ~  0.21,  the  surface  exchange 
coefficient  becomes  /<nch  =  l !^lch. 

The  surface  exchange  coefficients  and  the  coefficient  of  bulk 
diffusion  are  listed  in  Table  6  and  presented  in  Fig.  9.  The  oxygen 
coefficient  diffusion  and  surface  exchanges  at  900  °C  are  calculated 
from  the  semi-permeation  measurements. 

For  the  predominant  electronic  conductors  {cre  »  01),  the  ionic 
conductivity  can  be  estimated  using  semi-permeation  measure¬ 
ments  and  the  Nernst— Einstein  relationship  (Eq.  (11)): 


16F2IJq2 


(11) 


From  electrical  measurements,  it  is  possible  to  determine  the 
ionic  transport  number  of  the  membrane  materials. 


Do  coefficients  (or  ionic  conductivity)  are  very  similar  for  all  of 
the  materials  (2.7-11 10-7  cm2  s-1)  except  for  the  LCFG  membrane 
(5.9  10-9  cm2  s-1),  which  is  most  likely  due  to  the  low  degree  of 
crystallization  of  the  material  (Table  6  and  Fig.  9).  For  the  Lao.4B- 
ao.6Feo.8Coo.203-<5  perovskite  membrane,  Diethelm  et  al.  [16]  report 
a  similar  coefficient  of  diffusion  and  ionic  conductivity  (i.e.,  Do  =  5.5 
10-7  cm2  s-1  and  ox  =  0.15  S  cm-1).  For  the  La0.6Sr0.4Feo.8Coo.2C)3-<5 
membrane  with  a  3-5  pm  grain  sized  microstructure,  Zeng  et  al. 
[17]  report  an  ionic  conductivity  of  0.065  S  cm-1,  which  is  in  good 
agreement  with  the  values  obtained  in  this  work.  However,  the 
value  of  / r<Hch  appears  to  be  overestimated  and  must  be  equal  to 
about  2  10-5  cm2  s-1.  The  ionic  conductivity  measured  for  the  LSFG 
5573  membrane  is  larger  than  that  measured  by  Kharton  et  al.  [18] 
for  the  Lao.4Sr0.6Feo.6Gao.403_<5  membrane  (i.e.,  0.22  S  cm-1  and 
0.08  S  cm-1,  respectively).  The  results  found  by  Geffroy  et  al.  [19] 
are  very  similar  of  us  for  the  Lao.6Sr0.4Feo.6Gao.403_<5  membrane 
with  D0  =  4  10-7/7.2  10-7  cm2  s-1,  K™*  =  2  10-5/4.6  10-6  cm  s-1 
and  JClean  =  3  10-5/1.4  10  5  cm  s-1  at  900  °C  (Table  6). 

Co-based  materials  exhibit  a  higher  surface  exchange  coefficient 
than  Ga-based  ones,  especially  at  the  oxygen  lean  face  (one  order  of 
magnitude  higher).  These  high  surface  exchange  coefficients  lead  to 
high  fluxes  for  the  Lao.sAo.sFeo.yCoojC^  materials.  For  the 
cobaltite  membranes,  the  surface  exchange  coefficients  increase  in 
the  following  order:  Ba  >  Sr  >  Ca. 

4.  Conclusions 

The  effect  of  cation  substitution  in  the  A  site  of  a  perovskite 
structure  on  the  different  mechanisms  in  trans-membrane  oxygen 
transport  has  been  clearly  identified  in  this  study  using  a  specific 
apparatus  that  allows  for  measurement  of  the  oxygen  activity  at 
both  membrane  faces.  These  oxygen  activity  measurements  at  both 
membrane  faces  led  to  the  identification  of  the  rate-determining 
step  in  trans-membrane  oxygen  using  new  criteria:  B?ch  and  Bcean 
values. 

The  partial  cation  substitution  in  the  A  site  with  Ca,  Sr  and  Ba 
indicated  that  the  nature  of  the  cation  in  the  A  site  has  a  large 
impact  on  the  oxygen  diffusion  and  surface  exchange  coefficients  of 
the  perovskite  materials.  The  La  substitution  by  Ba  corresponds  to 
membrane  materials  with  higher  coefficients  of  oxygen  diffusion 
and  surface  exchange.  In  addition,  the  rds  in  the  trans-membrane 
oxygen  flux  depends  on  the  temperature  and  membrane  materials. 

Indeed,  the  nature  of  both  cations  in  the  A  site  and  B  site  has  a 
significant  impact  on  the  kinetics  of  oxygen  surface  exchange,  and 
the  coefficient  of  surface  exchange.  A  similar  approach  can  be 
suggested  to  better  understand  cation  substitution  in  the  B  site  of  a 
perovskite  structure.  The  results  from  this  study  will  be  reported  in 
the  future. 
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